In our days, wave energy still remains an important resource of renewable energy that has not been yet completely exploited and fully understood. Various prototypes of point absorbers have already been tested numerically and experimentally in wavetanks or real sea, but only a few of them has reach the full scale prototype stage. For the family of wave absorbers based on oscillating bodies principle, the energy production may be enhanced by motion control. The choice of a particular mode of control remains decisive in the design of point absorbers and is closely linked to the mechanism architecture. It has been shown [1] that the theoretical maximum absorption can be reached by bringing the system into resonance applying a so called "complexconjugate" control. Several sub optimal control strategies have been derived from this observation, trying to overcome the drawbacks of this method, mainly the non-causality of the optimal control [3]. Non-causality implies that one needs to predict the excitation signal in the near future to optimize the control command. The aim of the present study is to propose a new methodology to reduce the prediction horizon needed to apply a complex-conjugate control. Afterwards, a simplification is made leading to a causal non-adaptive control. In this study, a cylindrical buoy constrained to move in heave only is employed to test numerically the aforementioned control. Numerical comparisons are made under regular and irregular waves with the performance of control based on the classical complex-conjugate method. The new method shows a good energy absorption capacity for a broad range of frequency without having to adapt the control regulator unit to the incident waves.
Introduction
The absorption of wave energy by the motion of floating bodies is nowadays a challenge for the modern marine engineers. Some of these wave energy converters (or WEC), the so called point absorbers, are based on a simple working principle : they run a power extraction system (generally called PTO for Power Take Off) between one moving part, activated by the waves, and a steady part fixed to the ground, or between two or more moving parts. The resonant motions of floating WECs, (heave, roll and pitch) are generally exploited together to take benefit from resonance. We shall consider herein a simple heaving body consisting of a vertical cylinder with an hemispheric bottom restrained to move in heave only (see fig. 1 ).
Since very early papers [1] [2] has shown that the energy absorption can be optimized if one is able to control the PTO in order to adapt its force to incoming waves. When one knows the frequency dependent hydrodynamics coefficients, he can easily derive the optimal PTO tuning at a given frequency. This tuning is optimal when the system is brought into resonance. So, given a point absorber WEC, the optimal PTO controller and its transfer function can easily be defined in the frequency domain [12] .
Practical applications require to apply these results in irreg-X FIGURE 1. Floating body constrained to move in heave only.
ular waves in the time domain. This can be done theoretically by taking the inverse Fourier transform of the transfer function; but a well known result of this transformation [3] shows that the resulting time-domain control force is given by a non-causal convolution product. The kernel function of this convolution integral being non-zero for t<0, one needs the future of the input to calculate the PTO force at time t. This has led some researchers [11] to use prediction of the wave excitation to compute the convolution term. Some strategies has been developed to circumvent this fundamental difficulty. In [5] [4], were wave absorption by a moving vertical paddle was addressed, an algebraic decomposition of the transfer function in the frequency domain led us to split the original non causal feedback transfer into the sum of a new causal feedback term plus a non-causal feedforward term with shorter extent in time. This method was further improved in [6] [8] [7] where the non-causal remaining kernel was finally approximated by a Dirac delta function, leading to a simple multiplicative term, further tuned to the characteristics of the wave signal.
A decomposition method leading to such feedbackfeedforward splitting of the original non-causal transfer function is applied here to the heaving point absorber.
2 Reduction of the non-causal horizon 2.1 position of the problem Let us consider an axisymmetric floating buoy constrained to move in heave only by an ideal frictionless mechanism. The fluid is considered incompressible and the flow irrotationnal. The amplitude of motion and waves are considered small enough to use linearized potential theory. Derived from dynamics principle, the equation of motion of a such device is as follow,
(1) where X, V = dX/dt, A = dV /dt are respectively the displacement, velocity and acceleration of the body. m is the mass of the buoy, µ ∞ is its added mass at infinite frequency; K H is the hydrostatic stiffness. The kernel function K is the impulse response function, or the wave radiation force exerted by the fluid after an impulsive velocity excitation of the buoy in heave at t = 0. Due to the causality principle, this force should be null before the excitation to be active,
F ex is the hydrodynamic excitation force due to the diffraction of the incident waves by the buoy in its mean position, and F c is the control force under investigation here. Classically, we can express equation (1) in the frequency domain by a Fourier transform of this equation, giving:
where Z(iω) is the mechanical impedance of the system. It has been shown [13] that optimal control force allowing a maximal energy absorption in this case is given by:
where˜denotes the Fourier transform and Z * denotes the complex conjugate of Z . Returning to the time domain by inverse Fourier transform of (4), we get the time domain expression of the optimal control force:
Let us now split the control force F c in two terms.
with,
Obviously, the convolution product term F c 2 is non causal as it requires the knowledge of the future of the body velocity from t to ∞. More precisely, K being null from −∞ to 0, the convolution is anti-causal, its output being function of only the whole future of the input variable V . In fact , looking at the K(t) curve , we can estimate that a practical time horizon h would be about 2.8s, for which we will validate the approximation
FIGURE 2. the radiation impulse response function K(t).
This horizon h is a measure of the time window one needs to predict the input signal if one wants to use directly (8) to compute the control force (see e.g [11] ).
reduction of the non-causal horizon
In this section we propose a method to reduce this prediction horizon in order to enhance the accuracy of predictive approaches. First, from (8), let us define the Fourier transform F c 2 of F c 2
A straightforward algebraic substitution leads to the alternative expression
which introduce a feedforward branch in the computation of F c 2 with a transfer functionS(iω) defined as; The on-line computation of F c 2 in the time domain can now be performed using:
The kernel function S(t) is plotted in fig.3 . The non-causal horizon of the S function is the time range (on negative part of t axis) were the function cannot be considered as zero for the computation of the convolution integral. One can notice that it has been reduced here, compared to the previous simple complexconjugate control formulation.
decomposition of the S function
From this first result, we must go a bit further toward a formulation usefull for practical application. The S function can now be decomposed into two distinct functions N and M , with N an odd non-causal real function and M a real causal function.
S(iω) =M(iω) +Ñ(iω)
Applying the well known Kramers-Kroning property linking the real and imaginary parts of any causal functions, we define the causal part M from the real part of S and complementing it as an imaginary part with the Hilbert transform, we have
where H refers to the Hilbert transform. Now, to form the sum (13) , the real part of theÑ function must be null, while we may subtract from the imaginary part the Hilbert transform which was added inM.
In the time domain the equation (11) now leads to the following expression of the control force:
The result of this decomposition can be seen in fig.4 .The convolution terms M * F c 2 and K * V are causal and can easily be computed numerically. One can noticed that the non-causal part has been reported in the N * F c 2 term only and is now reduced compared to the previous term K * * V .
Simplification of the control
In order to design a practical causal control, we must further simplify the N * F c 2 term in (16). If we try to apply it to the case of a monochromatic wave of circular frequency ω 0 , where all the variables including F c 2 vary harmonically at the same frequency ω 0 . For F c 2 = f 0 sin(ω 0 t + Φ 0 ), we may write: For irregular waves,
For practical application, one does not have access to the set [ω i ] but to the wave spectrum, and its peak frequency ω p . Thus, choosing ω p as the reference frequency, andÑ(iω) being quasilinear in the working frequency range, we approximate (20) by the following expressions :
Results of these approximations using the Hilbert transform (21) or the derivative function (22) of F c 2 are shown of fig.5 .
One can, thus, rewrite the equation (16) as follow, 
where A i is the wave amplitude, T i is its period and λ i is its associated wave length.
• Causal complex-conjugate control is defined as follow : the reactive terms (m + µ ∞ )Ẍ + K H X are fully canceled by an equivalent term in the control force, while the energy absorption is realized through a constant coefficient damper, with coefficient B pto (ω p ).
(24) In irregular waves, the optimal damping coefficient used to implement this causal complex-conjugate control is determined to maximize its energy absorption, • resistive control, shown here as a reference, is acheived by implementing a control force equal to
In irregular waves, the optimal damping coefficient B pto used to implement the resistive control is determined to maximize its energy absorption, E abs = t 0 B pto V 2 dt.
On fig.6 , one can see that the RHC method allows to increase the energy absorption bandwidth especially for low frequencies, which is the part of the wave spectrum where waves are more energetic. Indeed, the approximation of the convolution product N * F c 2 shows a better agreement for low frequency waves. When the imaginary part of the radiation kernel function becomes negligible compare to its real part, the complex-conjugate control shows approximately the same results as the reduced non-causal horizon control. Here, the main advantage of the RHC method is that it does not require any prediction algorithm. Nevertheless, It could be improved by adding a short-term wave elevation prediction. This prediction improvement would be easier to implement by using the horizon reduction presented in §2.2
